Introduction {#sec1-1}
============

Photodynamic and sonodynamic therapies are two minimally non-invasive methods to treat available malignancies ([@ref1]). In photodynamic therapy, after inserting a proper dye (photosensitizer) in the body, the tumor is irradiated with visible light of appropriate wavelength. The due to excitation of the photosensitizing material and production of reactive oxygen species; cell death begins ([@ref2]). One limitation of this technique is low penetration depth of visible light in tissues, which is well-suited for superficial and thin tumors ([@ref3]). On the other hand, most photosensitizing agents are sensitive to ultrasound (US) waves. Stimulated by ultrasound, these agents can cause necrosis and cell death. This process is known as sonodynamic therapy ([@ref4]). It is expected that a combination of PDT and SDT improves the efficacy of treatments by applying a proper dose of agents that are sensitive to light and ultrasound, so that the thickness or depth of treatment is increased ([@ref5]). The approach uses a combination of two treatments called sonophotodynamic therapy (SPDT).

At the present, photodynamic therapy is conventiona-lly used in many countries including Russia, Britain and Italy ([@ref6]). Also, some *in vivo* and *in vitro* studies on sonodynamic effects have been conducted ([@ref7]-[@ref12]).

Previous pre-clinical and clinical studies have shown potential antineoplastic effect of SPDT against a variety of malignancies ([@ref1], [@ref13]-[@ref15]). According to some studies, utilizing this combined therapy induces more obvious anti-cancer effects in comparison with individual treatments. SPDT can reduce the necessary dosage of sensitizer and energy of ultrasound or light as activators ([@ref14], [@ref15]).

Today, sonophotodynamic therapy was used in many clinics. In England, this treatment has been applied to 115 patients over 4 years in Dove Clinic, with the results indicating the effectiveness of this treatment for primary and metastatic tumors ([@ref13]).

In 2010, Sazgarnia *et al*. studied SPDT effect on CT26 tumor model mice BALB/c using the liposomal phthalocyanine. They reported the effect of individual treatments (sono or photodynamic therapy) and SPDT treatment in slowing tumor growth velocity. However, combined therapy with priority of sonodynamic did not yield improved results compared to individual treatments ([@ref1]). Therefore, an arguable assumption is the possibility of removing sensitizer from the tumor tissue during ultrasound irradiation. It can in turn lessen the effectiveness of the photodynamic therapy ([@ref1]).

The present study adopted a combined therapy of sonophotodynamic to examine the importance of irradiation sequence.

Materials and Methods {#sec1-2}
=====================

Chemicals and preparation of liposomal zinc phthalocyanine (ZnPc) {#sec2-1}
-----------------------------------------------------------------

Zinc phthalocyanine (ZnPc) was obtained from Sigma-Aldrich (97% dye content). To prepare the liposomal zinc phthalocyanine, 300 mg of egg lecithin, 100 mg of cholesterol, 400 mg of glucose and zinc phthalocyanine powder were dissolved in 10 ml of Pyridine. The solution was frozen by dry ice and then processed by the freeze dryer (Labco Co-USA) ([@ref16]). The estimated ZnPc encapsulation rate was more than 85%. The liposomes' size distribution was recorded by a particle size analyzer (Zeta sizer, nano-ZS model, Malvern Ins., USA) and its UV-visible absorption spectrum was also obtained by a UV-visible spectrophotometer (UV 1700, Shimadzu Corp, Japan).

Cell line and culture conditions {#sec2-2}
--------------------------------

CT26 cell line derived from a tumor colon carcinoma of a BALB/c mouse, provided by Iranian Pasteur Institute, were grown in RPMI-1640 culture medium supplemented with 10% (v/v) fetal bovine serum (FBS) at 37 °C in a 5% CO~2~ humidified incubator. After cells covering the bottom of the flask as a monolayer, they were trypsinized using 0.05% trypsin-EDTA. The cell number and survival rate were determined using a hemocytometer, trypan blue and a light microscope.

Tumor models {#sec2-3}
------------

Male and female BALB/c mice, 6-8 weeks of age and weighting 20-22 g were obtained from Iranian Pasteur Institute. The mice were preserved in an animal house at 23 ± 2°C with 65% moisture and 12 hrs of alternative darkness and brightness. To create the colon carcinoma tumor model, 5×10^5^ CT26 cells per mouse were injected subcutaneously in the right dorsal animals ([@ref1]).

Animal anesthesia {#sec2-4}
-----------------

The mice were anesthetized before the exposure to ultrasound and/or light using the intraperitoneal injection of ketamine hydrochloride (60 mg/kg), and Xylazine2% (6 mg/kg) ([@ref14]).

PDT and SDT instruments {#sec2-5}
-----------------------

Tumor models were irradiated by a non-coherent light source, i.e. a Lumacare LC122-A (Ci-Tec, USA) equipped with a light probe with 8 mm spot diameter and 5% light homogeneity. It consisted of a band-pass filter at wavelengths of 670±20 nm. Light power density was 160 mW/cm^2^ and a total exposed light of 300 J/cm^2^ was considered ([@ref13]). Radiation parameters were assessed by a radiometer (CON-TROL-CURE IL1400; UVPROCESS, USA).

Ultrasound irradiation was conducted by a 215A ultrasound generator in continuous mode with a frequency of 1.1 MHz and intensity (spatial average temporal average; SATA) of 1 W/cm^2^ for 10 mins ([@ref15]). The ultrasound transducer with a surface area of 7.0 cm^2^ was horizontally submerged at the bottom of a chamber filled with degassed water to provide vertical exposure over the tumor. Acoustic calibration of the device power was performed by an ultrasound balance power meter (UPM 2000, Netech, USA).

Experimental protocols {#sec2-6}
----------------------

With the tumors growing to a diameter of about 5 mm, animals were randomly divided into 9 groups and treatment protocols were applied. Each group consisted of 10 mice (5 males and 5 females). 1.46 µM/kg liposomal zinc phthalocyanine was intraperito-neally injected into five animal groups ([@ref17]). After 24 hr ([@ref7]), different tumor groups were irradiated by light, ultrasound or a combination of both. The sequence of light and ultrasound reception were inverted in groups of 8 and 9. Light and ultrasound were applied immediately burst to the combined group. In the control group, normal saline was injected instead of photo-sensitizer. The therapeutic protocols were followed using daily measurement of tumor dimensions by a digital caliper (small diameter: a; large diameter: b and tumor thickness: c). Tumor volume (V) was calculated as V= π/6 \[a.b.c\] ([@ref15]). The measurements were sustained until the death of animals, which was recorded as an event.

Evaluation parameters for treatment efficacy and statistical analysis {#sec2-7}
---------------------------------------------------------------------

For each tumor, the first day of treatment was considered as day zero and relative tumor volume in the following days were normalized accordingly. Based on the daily variations of the relative tumor volume, the doubling time of each tumor was determined and estimated in each group.

Following the normality test and selection of proper comparative tests, all data were analyzed using SPSS 11.5. According to Kolmogorov-Smirnov test, data distribution was abnormal. Thus, the Mann-Whitney test was used to compare relative tumor volume at a confidence level of 95%. Also, the doubling time of tumors was compared across different groups using *t-test*.

Results {#sec1-3}
=======

Characterization of liposomal zinc phthalocyanine {#sec2-8}
-------------------------------------------------

Liposomal particles size distribution was estima-ted between 20 and 100 nm with an average size of 40 nm (z-average = 82.4 nm; PDI=0.261) as shown in [Figure 1](#F1){ref-type="fig"}. The main absorption peak of the liposomal zinc phthalocyanine was recorded at a wavelength of 670 nm ([Figure 2](#F2){ref-type="fig"}).

![Size distribution of synthesized liposomal zinc phthalocyanine](IJBMS-20-1088-g001){#F1}

![Absorbance spectrum of liposomal zinc phthalocyanine](IJBMS-20-1088-g002){#F2}

Experimental treatments {#sec2-9}
-----------------------

Treatment results of different groups were evalua-ted on the basis of the relative tumor volume at the first day after treatment, mathematical function of relative tumor volume versus day, and the doubling time of tumor volume at the different groups. The relative tumor volume variations are shown in [Figure 3](#F3){ref-type="fig"}. In all groups, the growth of CT26 tumor was significantly inhibited 15 days after treatment compared to the control group (*P*≤0.05). The optimum treatment response was observed in the SPDT group with the priority of photodynamic therapy. This group was significantly different from all treatment groups (*P*\<0.01).

![Relative variations of tumor volume in different groups for the first 15 days post treatment.\
drug: liposomal zinc phthalocyanine (1.46 µM/kg)\
Us: Ultrasound irradiation was performed in continuous mode with a frequency of 1.1 MHz and intensity (spatial average temporal average; SATA) of 1 W/cm^2^ for 10 min](IJBMS-20-1088-g003){#F3}

After this group, the best response belonged to groups treated with SDT or PDT. The two groups were no significantly difference in this regard.

During the study (120 days), groups treated by SDT or PDT revealed only 20% tumor shrinkage, while in the group receiving SPDT with light priority, 80% of tumors was recovered. Also, no case of complete tumor progression was observed in other groups.

The doubling time of tumors for different groups is shown in [Figure 4](#F4){ref-type="fig"}. The longest doubling times was observed in SPDT group with priority of light. The shortest doubling time of the tumors was found in the control group.
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The survival fraction in various groups is presented in [Figure 5](#F5){ref-type="fig"}.

![Variations of cumulative survival fraction in different treatment groups versus day based on Kaplan-Meier calculations\
drug: liposomal zinc phthalocyanine (1.46 µM/kg)\
Us: Ultrasound irradiation was performed in continuous mode with a frequency of 1.1 MHz and intensity (spatial average temporal average; SATA) of 1 W/cm2 for 10 min](IJBMS-20-1088-g005){#F5}

The highest survival rate was achieved in the SPDT group irradiated with light and ultrasound, respectively. In this group, survival rate increase was more significant than other groups (*P*\<0.01), as shown in [Table 1](#T1){ref-type="table"}. The next highest survival rates belonged to groups receiving PDT, SDT and the combined treatment with ultrasound priority respectively. As expected, these groups were not significantly different than the control group (*P*\>0.05).

###### 

*P-values* obtained from the equality statistical test of survival distributions for the different treatment group (based on Kaplan-Meier calculations); Drug: liposomal zinc phthalocyanine (1.46 µM/kg).

                  Control   Light   US     Drug   Light+US   Light+Drug   US+Drug   Drug + US + light
  --------------- --------- ------- ------ ------ ---------- ------------ --------- -------------------
  Light           0.62                                                              
  US              0.00      0.10                                                    
  Drug            0.00      0.09    0.67                                            
  Light+US        0.19      0.74    0.12   0.12                                     
  Light+Drug      0.47      0.22    0.08   0.06   0.26                              
  US+Drug         0.7       0.75    0.24   0.19   0.81       0.83                   
  Drug+US+Light   0.10      0.08    0.08   0.08   0.03       0.72         0.87      
  Drug+Light+US   0.00      0.00    0.00   0.00   0.00       0.01         0.01      0.00

Us: Ultrasound irradiation was performed in continuous mode with a frequency of 1.1 MHz and intensity (spatial average temporal average; SATA) of 1 W/cm2 for 10 mins.

Discussion {#sec1-4}
==========

SPDT combines ultrasonic and light irradiations with toxicity induced by a photo and sono- sensitizing drug. The activated sensitizer generates this lethality via apoptosis and necrosis processes which can damage malignant cells selectively. Besides enjoying the features of PDT, SPDT overcome one main limitation of PDT, namely low penetration depth. Several key factors should be optimized to obtain successful SPDT, including the sensitizer structure and dosage, interval between drug administrative and exposure, specifications of ultrasound and light, and the sequence of ultrasound and light exposure, among other things. In the previous study, we evaluated the therapeutic effect of SPDT with SDT priority, but the combined treatment was not significantly better than each treatment individually ([@ref1]). Therefore, we proposed the withdrawal of drug from tumor tissue during ultrasound irradiation. For this reason, the present study explored variation in the sequence of light and sound irradiation. The optimum response to treatment was observed in SPDT group with PDT priority. In this context, the doubling time and percentage of tumor as well as relative tumor volume were greater than groups receiving each treatments individually. In the group receiving SPDT with PDT priority, 80% of tumors were recovered, whereas in groups treated by PDT or SDT, only 20% tumor shrinkage was observed.

This is consistent with the report of Jin *et al*. in 2000 ([@ref17]). They utilized PH-1126 and ATX-70 as photo and sonosensitizing agents respectively. After applying SPDT, the observed inhibitory rate of tumor growth was nearly 92-98%. The reported inhibitory effect of tumor growth using one of these methods was 27-77%. Also, Liu *et al*. in 2016 reported similar results. They showed that sinoporphyrin sodium (DVDMS) mediated with SPDT yielded stronger therapeutic effects compared to SDT or PDT individual. As for the sequence of application, they found that if PDT was applied before SDT, the combinational effect was relatively stronger than the case SDT was employed prior to PDT ([@ref18]). Based on the results, it can be posited that a combination of PDT with SDT can be the first choice of PDT dependent on oxygen concentration, followed by SDT, which is not entirely dependent on oxygen. This can be due to the pores created in cell membranes during ultrasound irradiation of the tumor, which with- draws sensitizer molecules from cells and reduces PDT efficacy. The destruction and/or bleaching of photosensitizer molecules by ultrasound is another predictable hypothesis that eliminates the photosensi-tivity of the tumor.

Conclusion {#sec1-5}
==========

SPDT has more confirmed anti-cancer effects than does any other individual treatments. It can reduce the necessary dosage of sensitizer, ultrasound and light, which in turn further reduces side effects of treatment. In SPDT, if PDT is performed before SDT, treatment results would be more efficient compared to case when the reverse arrangement of SDT and PDT is employed. In any case, these findings suggest that the irradiation arrangement of light and ultrasound serves as an important factor in SPDT, thereby playing a major role in the treatment efficiency. However, anticipating the exact mecha-nism of this dependency requires further studies.
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